Introduction
The process of tissue remodeling in epithelium-lined tissues and organs is strongly influenced by growth factors, cytokines, and their secreting host tissues or organs. Following damage of those epithelium-lined tissues, both epithelial and mesenchymal tissues may migrate and differentiate into mature cells, and this process is usually termed wound repair. Histological structures of the mucosa and skin are different from each other: the skin is composed of the epidermis, dermis, subcutis, and associated skin appendages, in which hair follicles cells have multiple differentiation potential. The mucosal tissue in the oral cavity and nasal-paranasal cavities is composed of nonkeratinized stratified squamous epithelium, lamina propriae, and submucosa, the latter two zones consisting of connective tissue, while the cornea is composed of only corneal epithelium. The process of epithelial repair is generally influenced by the status of the underlying granulation tissue, in which matrix formation and angiogenesis are initially processed by fibroblasts, endothelial cells, and inflammatory cells including macrophages. Repair of connective tissue is advanced and connective tissue matrix formation occurs in the wound bed, while proliferation of epithelial cells is found in the wound surface. As for the direction of wound remodeling, stem cells appear to be positioned for communications with both regenerating epithelial cells and mesenchymal cells. In this respect, Discher et al. reviewed the role of stromal stem cells in tissue regeneration and wound repair (1) . This review is a contemporary scientific Review The functions of nerve growth factor and nerve growth factor receptor in wound healing response to the oldest concept of Aulus Cornelius Celsus, who indicated in his first report that human tissue responds to injuries and inflammation as tumor, color and dolor. Those complex phenomena correspond to growth factors secreted from injured tissue or glands; in the case of oral and corneal wounds, the source of growth factors should be salivary and lacrimal glands. A variety of growth factor studies have disclosed that those secreted growth factors, either intrinsic or extrinsic, strongly influence wound healing (2) . The present review deals with the influence of nerve growth factor (NGF) and receptor (NGFR) on wound healing and repairing processes. Nerve growth factor (NGF) and epidermal growth factor (EGF) from mouse submandibular gland were first discovered by Levi-Montalcini in 1960 and her subsequent characterization was recognized by the Nobel Prize in Medicine and Physiology in 1986 (3) .
In ancient Greece about 2000 years ago, people applied snake saliva to open wounds to enhance cutaneous wound healing. Dogs and domestic animals lick open wounds, a behavior that may enhance wound healing. Whether or not NGF in saliva and tears influences oral and corneal wound healing has not been clarified, although EGF in the saliva suggests a role of maintenance of oral health or enhancing wound healing in the oral mucosa. A new concept of tissue regeneration, known as the niche interaction, has indicated that coordinated interactions with factors, cells, and extracellular matrices define a local biochemical and mechanical niche with a complex regulation that stem cells sense. Key niche components and interactions that participate to regulate stem cell survival, self renewal, and terminal differentiation include growth factors, cell-to-cell contacts, and cell-matrix adherence (4) . The present review deals with the biological roles of nerve growth factor (NGF) and nerve growth factor receptors (NGFR) in healing and remodeling processes, as a peripheral interaction, in both corneal and oral-nasal mucosa, and in skin wounds. Regeneration of NGF and NGFR promotes wound remodeling, and this mechanism may provide therapeutic benefits.
Biophysiology of NGF and NGFR

Biosynthesis of NGF
NGF from the male mouse submandibular gland is a 7s complex formed by 3 subunits, α, β and γ, and all the subunits are molecularly characterized. Biologically active NGF appears to be the β-subunit, which exists as a 26,000-dalton homodimer. β-NGF is synthesized as a prepromolecule that undergoes subsequent proteolytic cleavage at both amino and carboxyl termini to liberate the mature growth factor.
Nerve growth factor receptor (NGFR)
Brain-derived neurotrophic factor (BDNF) and neurotrophin 3 (NT-3) are structurally related to NGF. Two classes of receptors for NGF have been identified by their distinct affinities. The low affinity receptor is 75 K cysteine-rich glycoprotein encoded by characterized LNGFR gene, and the high affinity receptor is a 140 K tyrosine protein kinase encoded by the trk proto-oncogene (gp140 trk ) that binds NGF with high affinity. gp140
trk is a functional NGF receptor (5-6). The spatial patterns of distribution of neurotrophic factors; NGF, BDNF, neurotrophin 3 (NT-3) and glial cell line-derived neurotrophic factor (BDNF), and their receptors' (p75 NIGR, trkA, trkB and trkC) mRNA levels in the human peripheral nervous system and nonneural tissues are largely similar to those reported in other mammals (7) . It has been reported that trigeminal ganglion and other neuronal nucleus expressed NGF and low (P75) and high affinity receptors (TrkA, TrkB, and TrkC). NGF is an elaborated trigeminal neurostructure which coexpresses both P75 and TrkA receptors (8) . The interaction between NGF and receptor can be inhibited either on the level of ligand by altering NGF conformation so that NGF is no longer recognized by the receptor or on the level of receptor by blocking the binding site of p75 and trkA gene products (9) . NGF released systemically or locally in glands, keratinocytes, mast cells, and lymphocytes is recently established to have functional roles as growth factors for epithelial and mesenchymal tissues and further participates in tissue remodeling.
Peters et al. described the new concept that NGF operates like a double-edged sword in cutaneous biology and promotes proliferation in cell populations yet promotes apoptosis in others, depending on their neurotrophin receptor co-expression pattern, in experiments with P75 receptormediated signaling which promotes human hair follicle regression (catagen) (10) . These murine data raise the expectation that NGF via trkA and/or p75 NTR signaling acts as a potent hair growth modulator in humans. Keratinocytes in the hair follicle initiate epidermal proliferation at cutaneous injuries. The TrkA receptor is activated primarily by NGF and it can be activated by a high concentration of neurotrophin 3 (NT-3). NGF binds to TrkA, brain-derived neurotrophic factor (BDNF), and neurotrophin 4 (NT-4) binds to TrkB, and NT-3 binds to TrkC. TN-3 also binds TrkA (and TrkB) and can activate trkA signaling and cellular responses. The pan-neurotrophin receptor P75 NTR strongly inhibits activation of trkA by NT-3 but not by NGF. NT-3 does not activate trkA signaling pathways in PC12 cells unless p75 NTR levels are reduced, suggesting that p75 NTR directly suppresses the ability of trkA to respond to NT-3. Mischel et al. indicated that P75 NTR and TrkA could be coimmunoprecipitated from Xenopus oocytes, and suggested that interaction of two receptors on the cell surface mediated the inhibition of NT-3 activated signaling through trkA (11) . NGF interacts with two structurally-unrelated receptors, TrkA receptor-tyrosine kinase and P75, one of the tumor necrosis factor receptor (TNFR) family members. Each receptor binds independently to NGF with predominantly low affinity (Kd=10 -9 M), but they produce high affinity binding sites (Kd=10 -11 M) upon receptor co-expression. Extracellular domain mutations of P75 that abolished NGF binding still generated high affinity binding with TrkA, and these findings indicate that the transmembrane and cytoplasmic domains of TrkA and P75 are responsible for high affinity site formation and suggest that P75 alters the conformation of TrkA to generate high affinity binding (12) .
It has been reported that neurotrophin receptors TrkA, TrkB and TrkC have been detected in the normal nonneuronal tissues of adult human. Marked reactivity of TrkA is found in the skin epidermis, epithelium of uterine cervix, luminal epithelium of the breast, the epithelium of the fallopian tube, the luminal epithelium of the prostate and the esophagus epithelium. In the skin, TrkA and TrkB/TrkC are present in the basal and granular layers of epidermis respectively (13) .
NGF, brain-derived neurotrophic factor (BDNF), neurotrophin 4 (NT-4) and neurotrophin 3 (NT-3) initiate their function by binding to trk receptors and P75 NTR . Functionally signaling by trkA and p75 NTR may be synergistic, independent or antagonistic. The biological role of NGF and both TrkA and P75 receptors and their contribution in the complex network of tissue remodeling or wound healing, is revived in the present paper. NGF and their receptors represent an advance in future treatment modalities of etiologically different ulcers (pressure ulcers in skin, corneal ulcer, chemical burns, and oral mucosal ulcers) and may shorten recovery in the process. NGF and NGFR might open new possibilities along with other growth factors in healing processes in several pathological conditions (14) .
NGF and NGFR in hair follicle cells and keratinocytes
Epidermal stem cells are self-renewing and generate transit amplifying cells that exit the cell cycle and division and undergo terminal differentiation that lead to the formation of the hair follicle, inter-follicular epidermis and sebaceous gland. Botchkarev et al. pay attention to the epidermal cell remodeling system looking at hair follicles in the involvement of NGF, brain-derived neurotrophic factor (BDVF) and neurotrophin 4 (NT-4), although in the skin NGF controls not only the development of targeted peripheral innervation but also stimulates keratinocytic proliferation (15) . The expression of BDNF and NT-4 has been shown to be hair cycle dependent, and it peaked during spontaneous and apoptosis-derived hair follicle regression (catagen). During catagen, BDNF in RNA and protein NT-4 were expressed in the regressing hair follicle compartment, whereas trkB in RNA and protein were seen in dermal papilla fibroblasts, epithelial strands and hair stem cells. These results may contribute neurotrophic factors involving keratinocytic remodeling in skin wounds.
Antiapoptotic affect
Binding of NGF to trkA receptor is considered to have an antiapoptotic effect. Biological studies indicate that NGF induces atypical apoptosis that is abrogated by tyrosine kinase inhibitor K252α, but not by an inhibitor of NGF-P75 binding, in trkA-transfected PC12 cells (16) . There are two unique functions of the high affinity heteromeric NGF receptor site: i) integration of both the MAPK (mitogenactivated protein kinase) and Akt pathways in the production of NGF-induced neurite outgrowth; and ii) rapid and sustained activation of the Akt pathway, with consequent longterm cellular survival. Interaction in the trkA/p75 NTR heteromeric receptor signal transduction network was revealed, i.e.
NGF-induced activation of the MAPK pathway appears to inhibit the parallel NGF-induced Akt pathway (17) .
Skin color, melanocytes and NGFR
Skin color results from its melanin content and distribution, and exposure to UV irradiation stimulates treated pigmentation to protect against photodamage. Human melanocytes reportedly express the NGFR (P75) in vitro because melanocyte migration is regulated in part by NGF. In addition, cultured human keratinocytes produce NGF. Melanocyte stimulation with phorbol ester (TPA) induces NGFR (P75) and also induces trk in melanocytes, and the TPA effect is potentiated by the presence of keratinocytes in culture. Behaviors of human skin melanocytes are influenced by NGF, which acts through its high affinity receptors in both keratinocytes and fibroblasts (18).
NGF in salivary gland and lacrimal gland
NGF in saliva and salivary gland
Since discovery of the expression of NGF and EGF in the submandibular gland of mice and rats and of the contents of these growth factors in saliva, the effect of saliva on promoting wound closure has been observed in oral mucosal wounds. In an experiment, mice were classified into three groups: i) sialectomy (submandibular glands (SMGs), sublingual glands (SLGs), and parotid glands), ii) duct ligation, and iii) sham operation (19) . The authors pointed out that the healing process of wounded mice may involve communal licking of the wound, and this may prompt a healing effect by growth factors (NGF and EGF) in saliva. The saliva of mice contains a higher concentration of NGF and EGF, and their wound licking corresponds to a topical application. Application of NGF and EGF, as well as opening of the wound, may accelerate closure. Murphy et al. reexamined NGF levels in the serum and saliva in both male and female mice, and SMGs of male mice contained more NGF than did those of female mice (20) . Moreover, no sex difference in circulating NGF was observed. Serum NGF did not change after submandibular gland removal or after administration of autonomic agonists. Highest NGF levels are normally secreted in the mice saliva at levels that reflect the sex differences in NGF of the SMGs, and it is suggested that NGF in the saliva may play a biological role for regulating wound healing. On the contrary, salivary EGF is a strong inhibitor of gastric acid secretion and it is probably identical to urogastrone, which has been known to promote wound healing of induced gastric ulcers (21) .
Variations in NGF levels in the normal serum of humans have been reported according to age and gender (22) (23) . Concentrations of NGF in the saliva have also been noted in rodents (24) and humans (25) (26) . Nam et al. pointed out that salivary NGF levels in humans were affected by age and gender (27) . Mean levels of NGF are 901.4 ± 75.6 pg/ml in resting whole saliva, 885.9 ± 79.9 pg/ml in stimulated parotid saliva, and 1066.1 ± 88.1 pg/ml in stimulated SMG / SLG saliva. The NGF concentration of resting saliva and stimulated parotid saliva are significantly higher in women than men, and that of stimulated SMG saliva is significantly higher than the stimulated parotid saliva and significantly correlated with the stimulated parotid saliva NGF level. The results of this study were obtained from a total of 127 healthy volunteers, consisting of 64 males and 63 females, and NGF levels were measured with enzyme immunoassay.
A recent study by Komatsu et al. measured NGF levels in 93 healthy volunteers (35m and 58fe) aged 18-87 years, and stimulated saliva was collected during gum chewing. Saliva secretion per minute and NGF concentration per unit volume were measured by enzyme-linked immunosorbent assay (28) . The mean NGF in saliva was 55,70 ± 38,27 pg/ ml, and no relationship was found between NGF concentration and aging, gender and the number of retained teeth. The NGF level decreased with age, particularly for participants 70 years and older, and it was higher in males than females.
The cells of GCT segment of SMGs in mice and rats are the main source of growth factors (NGF, EGF), and striated ducts in human SMG and SLG are also positive for hEGF (29) . NGF concentrations of the human saliva were 9644 pg/ ml by Ruhl et al. and Nam et al. found them to be lower than those of Ruhl's study and mean NGF in saliva was 84.38 ± 71.06 pg/min by . The previous three studies demonstrated human saliva contains NGF, so wound healing in the oral mucosa could be the direct effect of salivary NGF, as well as EGF.
It has been noted that NGF was synthesized and secreted by pancreatic β cells in the adult rat, and NGF secretion increased in response to elevated glucose or potassium, but that it developed in response to dibutyryl-cAMP. The trkA receptors also present in β cells and trkA mRNA are modulated by NGF and dibutyryl-cAMP. This result suggests the biological roles of β cell NGF which in turn could be related to the diagnosis of diabetes mellitus (DM), when serum NGF levels are diminished (30) .
NGF in lacrimal gland
Dry eye conditions have been known to damage the ocular surface and this in turn leads to further damage to the lacrimal gland. Lacrimal gland functions, including secreting growth factors (NGF), and the ocular surface are integrated with one another (31). Nguyen et al. examined growth factors and receptor mRNA, TGF-β1, β2, β3 and TGF-β3R; FGF and FGF-R1; β-NGF, 75NGF-R, and PDGF-AA, PDGF-BB in human lacrimal gland (32) . They suggested that those growth factors including NGF and NGFR may have autocrine and paracrine roles in modulating the lacrimal gland, and their absence may play a role in pathologic states in ocular tissues. Rabbit lacrimal gland contains HGF, KGF and EGF mRNAs, and those growth factors increase following corneal wounding (33) . Factors in tear fluid trigger keratinocyte loss after removal of the epithelium in the mouse cornea (34) .
NGF in conjunctiva
Lambiase et al. reported that with conjunctive biopsies (n=10) and corneal specimens (n=5), immunohistochemical detection of NGFR (TrkA) was performed, and in healthy conjunctival specimens, basal cells were strongly expressed and stromal cells (rare) were also positive for NGFR (TrkA) (35) . The human ocular surface is positive for NGFR. NGF induced the expression of P75 NTR in fibroblasts that expressed only TrkA NGF and increased the migration of wound fibroblasts, although NGF did not enhance their proliferation and collagen biosynthesis. Chronic NGF treatment induced TGF-β1 production by fibroblasts, and following specific TGF-β neutralization, all the NGF-induced effects were completely abrogated (36) .
NGF and NGFR in corneal epithelium
Existence of EGF and NGF in the saliva is a key role of oral health and the regulation of wound healing of the oral mucosa. Similarly, NGF in the tear film and corneal epithelium is hypothesized to play an important role in ocular surface maintenance and corneal wound healing (37) . It has been reported that NGF levels in normal dog tears, corneal epithelium, third eyelid gland and lacrimal gland were 15.4 ± 4.6 ng/μl. 33.5 ± 12.3, 52.4 ± 17.4 and 48.8 ± 9.4 ng/μl, respectively, and immunohistochemically, NGF and TrkA were detected in all tissues examined. After unilateral corneal wounding, NGF concentration increased in the tears bilaterally for 3 days, particularly in wounded eyes, and then returned to pre-wound values. NGF and trkA receptor increased significantly in ipsilateral cornea epithelium following unilateral wounding. NGF and TrkA are present under normal conditions in canine tears, and lacrimal and third eyelid glands. NGF is elevated in the tears, cornea and lacrimal gland after corneal epithelial wounding; however, topical application of NGF or its blocking antibody does not modulate corneal wound healing in the normal dog eye.
NGF and NGFR in wound healing
Wound healing and tissue remodeling
Modulation in wound healing has been an interesting subject in regard to pathophysiological aspects such as the acute and chronic phase of the healing mechanism. In pharmacological treatments for wound healing for tissue remodeling, new approaches using growth factors and cytokine has been the main focus. Topically applied growth factors have the potential to influence the healing process in wound, and in ulcer of mucosa and skin and fractured bone (38) . Diegelmann and Evans classified wound healing into 3 phases, acute, fibrotic, and delayed healing, particularly treatment remodeling of chronic non-healing ulcers, which has always posed problems from a clinical standpoint (39) . Pathologic figures of non-healing pressure ulcers in the skin, and injured ulcers caused by dental prosthesis, and oral mucositis after radiation therapy or chemotherapy in cancer patients are characterized by the existence of chronic inflammatory cells associated with destructive enzymes and reactive oxygen. For connective tissue repair, it is essentially important to recover modulation of fibroblastic cells to the myofibroblastic phenotype (40) .
It has been interesting to note that the effect of moist and moist exposed dressing on wounds shows faster healing. Atiyeh et al. reported that improved healing of full (or partial) thickness cutaneous wounds in wet and moist environments is due primarily to retention of biological fluids over the wound preventing desiccation of denuded dermis or deeper connective tissues. This means that migration of keratinocytes occurs over the wound surface and enables the naturally-existing growth factors and cytokine to exert beneficiary effects on wound reepithelization as well as contraction (41) . The same authors denoted that scar formations involve 3 processes for healing wounds; scar quality is significantly superior in those wounds treated with moist exposed burn ointment, or MEBO (42) . Non-adeninebased purines (NABPs) are known to promote cell proliferation and release of growth factors (NGF). Jiang et al. studied the effect of NABPs on wound healing (43) . Cotreatment of wounds with guanosine plus anti-NGF reversed the guanosine-promoted acceleration of wound healing, indicating that the effect of guanosine is mediated in part by NGF. The NABP-mediated acceleration of skin wound healing is mediated via an NGF-dependent mechanism, and this finding provides a useful approach for the treatment of clinical wounds. The wound healing process is pathologically divided into 3 phases: the 1st stage is an acute response to tissue injuries or damage such as a surgical or incised wound, burns and chemical injuries, and physical injuries such as pressure and freeze wounds; the 2nd stage is a reactive phase to affected injuries which are usually inflammatory reactions; and the 3 rd stage involves remodeling phases. During healing processes, many biological growth factors, including NGF, regulate wound tissues and accelerate healing. The present review has noted the roles of biophysiological functions in wound healing on the cornea, keratinocytes in the skin, oral and nasal mucosa, burn and pressure wound, and also tissue repair process.
NGF and NGFR in the cells related to wound healing
Mast Cells: Aloe and Levi-Montalcini in 1977 first described that injection of NGF to neonatal rats increased the mast cell numbers in various tissues (44) . NGF induces development of mast cells in the connective tissue from bovine bone marrow (45) . It is reported that NGF released from fibroblasts in local tissues may play a putative role in relation to connective tissue-type mast cells and basophils (46) (47) (48) . NGF also suppresses apoptosis of rat PMCs (peritoneal mast cells) through p140trk tyrosine phosphorylation and possessed proliferation activity. NGF may act as a key factor to promote survival of connective tissue type mast cells (49) . NGF appears to induce the phenotypic change to connective tissue type mast cells (CTMC), and in cultured bone marrow-derived mast cells (BMDMC), 3T3 fibroblasts and IL-3, the phenotypic change of BMCMC to CTMC was found. Neither BMDMC alone nor IL-3 alone increased the concentration of NGF. It is possible that BMDMC stimulated by IL-3 may induce the production and/or release of NGF by fibroblasts (45) . Biological activity of NGF is mediated via two types of cell surface receptors with different affinities: the low affinity NGF receptor is a 75 KD glycoprotein. The high affinity receptor is a 140 KD nucleolar containing a tyrosine kinase domain that is encoded by the trk protooncogene, which has been isolated from human colon carcinoma.
Mast cells concentrate at an inflammatory or injury site, which suggests that they play a critical role in wound healing or tissue repair. The absence of mast cells has no effect on proliferating aspects of wound healing including reepithelialization, angiogenesis and collagen formation; furthermore, mast cells are known to release VEGF and proangiogenic mediators. Mast cells modulate the recruitment of neutrophil into sites of injuries, yet are unlikely to exert a major influence on proliferative changes within wound healing sites (50) .
It is generally accepted that under normal physiological conditions, mast cells in the skin and oral mucosa localize around peripheral nerves, blood vessels and hair follicles in the skin, and in minor salivary glands in the oral mucosa. This histological feature of mast cell distribution suggests that multifunctional evidence is seen at local areas in the skin and mucosa, possibly indicating that immunological environmental processes may be involved in subepithelial connective tissue. Recently, mast cell function has been clarified in the normal skin and mucosa, as well as in diseased areas including allergic injury and wound healing. Among them, the study of mast cell-derived NGF and NGFR has increasingly given new insights for tissue remodeling research (51) . Mast cells contribute significantly to the cytokine network of wound repair via MC-derived IL-4 and stimulation of fibroblast proliferation (52) . It is interesting to note that mast cells and eosinophilic leucocytes are a source of NGF as key cells of allergic inflammation, so that NGF modulates an allergy-specific response and also tissue repair (53) . The same group has investigated that NGF involvement is implied in allergic ocular diseases (54) .
Macrophages: Macrophages are derived from bone marrow precursors and distributed widely in tissues and in the peripheral blood, and they provide the host defense mechanism for support of host defense against infections and also of homeostasis. The presence of NGF-positive macrophages indicates increased phagocytosis of both nonspecific hydrophilic microspheres and blood cells opsonized with anti-SRBC (sheep red blood cell) antibodies. The addition of NGF to peritoneal macrophages and monocyte-macrophage (J774A1) cells leads to a significant release of IL-1β in a dose-dependent manner, expressing IL-1β mRNA. NGF activity stimulating murine macrophages may be mediated through p140 trk . NGF may also act as an activator for macrophages in the process of inflammation and immune functions (55) . Human monocytes/macrophages infected in vitro with HIV-1 are able to produce substantial levels of NGF that are associated with enhanced expression of high affinity NGF receptor (p140 trk ) on the cell surface. Treatment of HIV-infected macrophages with anti FGF Ab blocking the biological activity of NGF leads to a marked decrease in the expression of p140 trkA receptor (high affinity), a concomitant increased expression of P75 NTR (loco-affinity receptor) of NGF, and apoptotic death of macrophages (56) . Lymphocytes and leucocytes: NGF enhances both T-and B-cell mediated immune responses (57) (58) . NGF also promotes growth survival and functional activities of murine neutrophils, chemotaxis, phagocytosis and superoxide production (59) (60) . NGF is produced by many cell sources such as T cells (61) and memory B lymphocytes. Production of NGF is assessed in cultures of human T and B cells and macrophages, and it is constitutively produced by B cells only, which express p140 trkA and p75 NGF-R proteins. In vivo administration of neutralizing anti-NGF antibodies causes a strong reduction in the titer of specific IgG in mice immunized with tetanus toxoid, nitrophenol or arsonate and reduces the numbers of surface IgG and IgA B cells. NGF is an autocrine survival factor for memory B cells (62) . Wound healing processes are usually associated with inflammatory responses against mechanical injuries as well as infections by microorganisms. Inflammatory conditions are essential to cause cell infiltration from lymphocytes, macrophages and mast cells, and they are also related to emergence of NGF and NGF receptor activities.
NGF in connective tissue: It is known that NGF is expressed on the fibroblasts of connective tissue (63-64), on osteoblasts (65-66), on endothelial cells (67) and on tissue homeostasis and widespread distribution, as well as in NGFR in all almost peripheral tissue (68) , and that it provides multiple stimulating effects. NGF also stimulates the production of VEGF (vascular endothelial growth factor) in endothelial cells (69) .
It is generally accepted that, in nervous tissues, hypoxia increases neural function and eventually enhances synaptic activities and stimulates neoangiogenesis. Calzà et al. reported histological and histochemical features of neuronal hypertrophy, and that endothelial cell hyperplasia were associated with stromal hypotrophy and vascular bed enlargement (ECAM-1) in 6OHDA/NGF-treated superior cervical ganglia (70) . The normal wound healing process includes neoangiogenesis and tissue remodeling of both connective and epithelial tissues. In those events, vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) play major roles in wound healing, particularly in the early course of tissue remodeling. bFGF and VEGF show potent migratory activities in undifferentiated mesenchymal cells in wound beds and promote fibroblastic differentiation and angiogenesis (71) . Upregulation of VEGF production in wound repair has been shown in keratinocytes on epithelial (skin and mucosal) wounds in animal models. NGF control of neuronal expression of angiogenetic and vasoactive factors is a new concept in the wound repair process.
Angiogenesis: Levi-Montalcini originally noted that NGF administration prevents nerve cell degeneration induced by 6-hydroxy-dopamine (6-OHDA) that causes a selective and reversible destruction of sympathetic nerve endings in adult animals, widespread lesions in cells, and neuronal cell death in newborn animals. NGF is a neurotrophin that also plays a role in promoting growth differentiation and stimulates function in sympathetic nerves. Moreover NGF has been recognized as a pleiotropic molecule involved in a variety of peripheral action, such as inflammatory skin lesions and tissue regeneration (70) . These evidences further suggest that NGF may mediate endothelial cell proliferation and also promote wound healing. NGF alone and in combination with other growth factors could exert an action on endothelial cells and on angiogenic activation (69, 71) .
NGF-induced MMP expression could result in the degradation of vascular plaque matrix, weakening of the plaque, and subsequent plaque rupture. Neutrophins (NGF) promote multiple biological responses in smooth muscle cells that could contribute to remodeling the pathway of vascular lesions. The NGF/trk receptor system, by virtue of potent chemotactic activity for smooth muscle cells and its ability to induce MMP-9 expression, is a critical mediator in the remodeling that occurs in the vascular cell in response to injury (72) . The role of NGF in inflammation is important, and its effect is involved in endothelial cell proliferation and intercellular adhesion molecule expression by endothelial cells. There is a significant increase in proliferation of microvascular endothelial cells stimulated with NGF as compared to costimulated human dermal microvascular endothelial cells. Raychaudhuri et al. demonstrated the role of NGF in two important aspects of inflammation, i.e., angiogenesis and inflammatory cell recruitment at the site of inflammation (73) . Autocrine and/or paracrine NGF may act as a survival factor for the endothelial cell by inhibiting the cell cycle program. NGF might promote cell survival but not cell proliferation of aortic endothelial cells, and inhibition of NGF activity might increase MTT activity by facilitating cell cycle progression (74) . NGF plays a crucial role in angiogenic molecules which exert a variety of effects in the cardiovascular system and endothelial cell biology. NGF may contribute to maintenance, survival and function of endothelial cells by autocrine and/or paracrine mechanisms (75) .
NGF in keratinocytes:
Biosynthesis of NGF has been demonstrated in the developing skin of the mouse embryo. Normal human keratinocytes produce and secrete NGF, and NGF synthesis is confined to the basal cells and is regulated by corticosteroid. Mature stratified squamous epithelium showed specific NGF staining of Golgi apparatus in basal cells. NGF in keratinocytes was secreted as assessed by neuritis induction in sensory neurons obtained from chick embryonic dorsal ganglia. Paracrine of NGF in keratinocytes might have a major role in regulating innervation, lymphocyte activity and melanocyte growth during wound healing (76) . During wound healing of human skin, a widespread sprocketing of sensory nerve fibers was observed, and this has an important role in the reepithelialization of the wound. Pincelli et al. noted that NGF synthesized in skin basal cells, and expressed low-affinity NGF-R. Moreover, normal human keratinocytes in the culture express both low-and high-affinity NGFRs at the mRNA levels (77) . The NGF effect on human keratinocytes is mediated by high-affinity NGFR, and NGF is secreted by keratinocytes in increasing amounts during cell growth. It is reported that the effect of murine NGF on keratinocyte proliferation in intact skin derived from two defined stages of the murine NGF hair cycle, and 10-200 μg/ml NGF stimulated keratinocyte proliferation on the organ culture. Follicle keratinocyte proliferation was stimulated by 100 ng/ ml NGF in skin organ cultures. Hair cycle dependent effect of NGF on keratinocyte proliferation in situ may require the presence of mast cells (78) .
NGF, NGFR in neural and Schwann cells: Neural crestderived Schwann cells are capable of synthesizing both NGF and NGF-R at levels determined in part by maturity and injury. Human melanocytes express NGF receptor (p75) and NGF stimulate melanocyte gene expression (79) . NGF is a regulatory molecule during skin inflammation and remodeling, affecting both the neuronal and immune system, and NGF and both high-and low-affinity receptors have been expressed in keratinocytes (80) . NGF prevented cleavage of enzyme poly ADE-ribose polymerase induced in human keratinocytes by ultraviolet B (81). Keratinocytes and corneal fibroblasts of the bovine synthesized proteoglycans in their primary cultures, and the produced proteoglycans may regulate environmental conditions to maintain cutaneous and ocular status (82) . NGF significantly increased HFL-1 chemotoxis of human fibronectin and PDGF-BB by 41.8% 11.4% and 47.7% ± 6.6%, respectively. NGF appeared to affect the rate of migration, and its effect was blocked by the tyrosine kinase receptor A inhibitor K-252a, suggesting that the biological role of NGF on fibroblast chemotoxis is mediated through the tyrosine kinase receptor (83) .
Wound healing of oral and nasal mucosa
It has been already accepted that wound healing in oral mucosa has a fast recovery compared to that in skin wounds. Oral mucositis is a painful adverse effect in patients receiving radiation and/or anticancer drug therapy, and a common lesion following those treatments. Sonis revised the biology and therapeutic opportunities of oral mucositis so that at the present time there are no effective treatments and thus no opportunity to apply NGF and NGFR for treating oral mucositis (84) . Such therapies with EGF and β-FGF have been applied to topical treatments with successful results (85) . Recently, expression of NGF and NGFR in the normal human oral mucosa has been described: cultured normal human oral keratinocytes express mRNA for NGF-β, proNGF, and their receptors TrkA and P75 NTR , and contain several NGF proforms with molecular weights of 32-114 KDa. Immunostaining of oral mucosa shows pro NGF in all epithelial layers and NGF was found in granular and upper spinous layers. TrkA staining is found in basal and parabasal cells, and a weak and moderate reaction in spinous and granular cells, and P75
NTR staining is seen in basal cells. These findings suggested that differential expression of NGF and NGFRs throughout the oral epithelia could play a role in epithelial differentiation (86) . Histological features during oral mucosal wound healing show that basal cell-like epithelial cells proliferates from the wound edge and these proliferating oral keratinocytes migrate and differentiate into mature squamous epithelium, which suggests that those proliferating epithelial cells (undifferentiated keratinocytes) might express NGFR (TrkA and P75 NTR ). Furthermore, since human saliva contains NGF as well as EGF, wound healing in the oral mucosa, including aphthous lesions, may be more accelerated than that in the skin. Autologous oral mucosa grafts have been employed as epithelial materials transplanted to an oral mucosal defect which is unable to suture class. This new system of autologous transplantation sheets is available for use as a tissue engineering technique in place of surgical grafting methods (87) .
Human saliva contains many types of antimicrobial peptides which are secreted from salivary glands and serve to maintain to oral health as well as inhibit bacterial growth (88) (89) . Although rodent saliva contains large amounts of growth factors (EGF and NGF), in humans, concentrations of EGF and NGF are 100,000 times lower than in rodent saliva. Oudhoff et al. reported that histatin 1 and histatin 2 in human saliva induce major wound closing activity (90) . It is known that oral mucosal wounds heal with accelerated figures with reduced scar formation compared with skin wound. Shannon et al. reported that oral fibroblasts induced enhanced collagen gel contraction, yet lower levels of α-SMA, and they also produced significantly greater levels of both KGF and HGF than their dermal cells (91) . Those results indicate phenotypic differences between oral and dermal fibroblasts that may well contribute to differences in healing wounds, both oral and cutaneous.
The reports regarding wound healing of the nasal and paranasal mucosa have not been sufficiently confirmed. Watelet et al. reported that wound healing in nasal and paranasal mucosa is a highly coordinated process involving inflammatory reaction, immune response, specific clot formation and finally tissue remodeling (92) . Levels of NGF increase after allergen challenge and mast cells are the main source of human nasal NFG. NGF expression (immunofluorescence) is the strongest in the submucosal glands and lesser in epithelia, and both NGFRs are localized not only on nerves, and also in nasal epithelium and in submucosal glands. The result suggests that NGF and NGFRs participate in the pathophysiology of nasal allergies (93) . In sinus epithelial cells, NGF (20-50 ng/ml) significantly decreased the wound area to < 40% compared with controls that were still 70% of their original sizes in a 24 hrs wound. NGF accelerated in vivo epithelial wound closure while NGF and KGF reduced fibroblast proliferation (94) .
Corneal wound healing
The cornea is virtually avascular tissue and it has very dense innervation (40 times more than tooth pulp and 400 times more than skin) (95) . Thus, inflammatory reaction and subsequent healing process are controlled by neuronal innervation, and the maintenance of corneal tissue with NGF treatment suggests that treatment completely restores innervation of the cornea. The standard treatments consist of covering the eye with a soft contact lens, constructing a conjunctive imitation flap or transplantation of skin or oral epithelia. However, the outcome is often severely impaired vision. NGF receptors have been observed on the normal and injured cornea and conjunctiva (96) (97) . Throughout epithelial proliferation, all patients had photophobia and burning of their eyes during slit-lamp examination and most patients had improved corneal sensitivity, suggesting functional recovery of the corneal innervation. Recovery of photovision may be related to the ability of NGF to induce neuritic sprouting by neuronal cells, but not regeneration in vivo. In corneal tissue, inflammatory reaction and healing are controlled by neuronal innervation by NGF, and corneal nerve damage injury induces severe alterations in the metabolism and vitality of the epithelium, and surgical or chemical damage of corneal innervation impairs epithelial healing and then induces trophic ulcers.
Transcription of NGF, NT-3, BDNF and NGFR (trkA, trkB, trkC, trkE) in the rabbit cornea was reportedly detected both ex vivo and in the epithelium and stroma in culture. Transcription of NT-4 was only expressed in the epithelium, while the transcription of GDNF was in the stroma. Levels were high in NT-3, NT-4 and trk receptor and low in NGF, BDNF and GDNF. NGF and GDNF stimulate corneal epithelial proliferation (98) .
Topical NGF treatment in patients with corneal injuries has become mainstream. Italian investigators have indicated that NGF promotes corneal healing (99, 100). In 2006, two papers reported the NGF effect on human fibroblastickeratinocytes and the possible mechanism of corneal healing (101, 102) . NGF have pleiotropic modulators in wound healing and inflammatory responses, such as NGF, TrkA NIGFR , and P75 NTP , and they are expressed in corneal epithelial cells and keratinocytes, and NGF locally applied induces healing of neurotrophic or autoimmune corneal ulcer. NGF was able to induce fibroblastic and keratinocytic differentiation into myofibroblast migration. This result shows that the topical administration of NGF is effective in accelerating corneal wound healing following surgery (102) .
The biological effect of NGF is mediated by the presence of receptors located on the surface of corneal and conjunctival cells. In an experiment involving cataract surgery (n=30), group A patients received 1 drop of NGF solution (10 μg NGF) in the conjunctival fornix every 2 hrs for 2 weeks and 4 times a day for another weeks. Group B patients received a drop of hyaluronic acid at the same time as group A patients. Optical coherence tomography (OCT) was used to measure corneal thickness at the side of the surgical wound. The clinical experience of the study showed that topical administration of NGF is effective in accelerating the healing of corneal wound (102) . Conservative treatment of corneal ulcers has been reported regarding the use of NGF, which is effective evidence in congenital neurotrophic corneal ulcers (103) . Neurotrophic keratopathy is a degenerative corneal disease caused by impairment of the trigeminal nerves which leads to a corneal epithelial effect, ulcer formation and proliferation. Topical application of NGF induces complete ulcer healing and recovery of corneal sensibility (104) . More recently, Aloe et al, of the same group of the Italian National Research Council, reported that clinical evidence suggests the topical application of NGF promotes wound healing without side effects on corneal and cutaneous tissue damages (105) . It is noted that nicergoline promoted corneal wound healing in rat eyes, and that the effect is likely to be related to increased NGF in the corneas and lacrimal gland secretion (106) .
For reconstruction of ocular surface damage, non-ocular epithelium, as cultivated autologous oral mucosal epithelium transplanted to damaged ocular surface, is described in 4 patients with Steven-Johnson syndrome and 3 patients with chemical burns, where it was successfully applied (87, 107) . Although this report does not use NGF, it is suggested that cultivated oral mucosal epithelium transplantation might promote the healing process by local application of NGF.
Skin wound healing
It has been speculated that NGF might have a biological role in the process of skin wound healing. Among the ancient Greeks, snake saliva (containing NGF and sarafotoxins) used for human treatment achieved significantly fast wound closure. Since the discovery of the mammalian endotoxins, the sarafotoxins from snake venom have been reported to have a toxic effect on living bodies and also the substitution is found in the vasoactive intestinal contractor peptide (VIC) and high binding affinity to cardiovasculature (108) (109) . Endothelin is a natural component of the mammalian vascular system, while sarafotoxin is a highly toxic component of snake venom. Sarafotoxins are classified into three isotoxins; S6a1, S6b and S6c, with strong cardiotoxic activity (110) . Physiological roles of NGF in saliva have been reported to enhance wound healing in similar mechanisms (111) . Thus, topical application of NGF to an open wound may have effective wound healing. NGF receptor TrkA immunostaining was limited to basal epithelial cells of the skin. Expression of NGFRs (trkA, p75 NTR ) is decreased following acute inflammatory stimulus and in association with chronic inflammatory dermatitis (112) . Cutaneous and mucosal wounds in patients with diabetes mellitus (DM) or experimentally-induced DM animals have delayed the healing process or occasionally caused infection. Impaired production of NGF has been reported in submandibular glands of diabetic mice (113) . Peripheral neuropathy that occurs by a complicated mechanism is one of the common symptoms of DM patients that sensory neurons presents as pain or loss of sensation and impaired wound healing. Decreased levels of NGF and substance P in the skin of patients with DM, give rise to the possibility of pathogenesis of peripheral neuropathy of DM. Matsuda et al. examined the wound healing processes compared to normal and DM mice (114) . Sialectomized mice had reduced NGF in sera, and normal mice showed increased NGF in sera and in wounded skin tissue. NGF and mRNA were detected regenerating epithelial and mesenchymal tissues at the edge of wounds, suggesting NGF was produced at the wound edge. Topical application of NGF into wounds accelerated wound healing in mice. The experimental results suggest that NGF contributes to wound healing by local NGF released from wounded tissue in both normal and DM mice. NGF and NGFR have been noted as a reparative factor for new innervation and also neo-vascularizating functions, because scar formation after tissue injuries is due to overproduction of connective tissue collagen without formation of new microvessels and associated peripheral nervous fibers. Desmouliere et al. reported that the regulation of apoptotic phenomena during wound healing may be important in scar establishment and development of pathobiological scarring (115) . However, the authors did not document the nerve remodeling associated with NGF and NGFR. Effects of NGF on fibroblast migration and proliferation, collagen formation, and modulation in myofibroblasts were found to produce NGF and to express TrkA receptor, and P75 receptor was only expressed after NFG exposure. NGF significantly induced skin and lung fibroblast migration, but NGF did not influence skin or lung fibroblast proliferation, collagen production, or metalloproteinase activation. Fibrous tissue in human skin and lungs showed immunohistochemically detectable NGF, TrkA, and P75, suggesting a direct pro-fibrogenic effect of NGF on skin and the lung fibroblast, thereby indicating the role of NGF in tissue remodeling and fibrosis (116) . NGF incorporating collagen in wound healing has been reported in rats. The NGF incorporated in collagen-treated rats showed a shorter duration of healing with an increased rate of wound contraction. The results indicate that topical application of NGF enhanced the rate of wound healing (117) .
Excessive scarring is the result of increased collagen production and reduced collagen breakdown, in which those cells, scar tissue and growth factors involved in immunological and inflammatory process play important roles. Hypertrophic scar formation was significantly associated with an increased number of epidermal Langerhans cells, and it significantly increased expression of epidermal IL-4. No relationship was found between mast cells, T cells and macrophage NGF production in those cells, and IFN formation of normal or hypertrophic scars. Those results indicate that the epidermal immune barrier plays an important role in the development of hypertrophic scar formation (118) .
The effect of topical application of NGF on nerve ending regeneration of large skin grafts in patients has also been examined in PGP (protein gene product) 9.5, synaphtophysin and neuron specific enolase. Local application of NGF could promote nerve generation and sensory recovery of grafted skin (119) . It is known that innervation participates in normal ligament healing as well as skeletal muscle remodeling. Local application of NGF can improve ligament healing by promotion of both re-innervation and angiogenesis, and results in scars with enhanced mechanical properties (120) . Such evidence may offer suggestions for treatment following reconstructive surgery with the use of myocutaneous flaps in head and neck surgery.
Burn, pressure, crush wound and ulcer
The therapeutic method for burn wounds has changed in recent decades. Jurjus et al. recently noted that the effect of silver sulfadiazine and moist exposed burn ointment (ME130), a recently described burn ointment of herbal origin, on mast cells and several wound healing growth factors and cytokines (bFGF, TGF-β, NGF, IL-1) in rabbit skin (121) . This experiment dealt with novel strategies of wound healing as a topical application of several growth factors. The clinical approach for burn wounds has been aggressive surgery with early tangential excision; wound closure is performed, leading to improvement in mortality rates of burn victims. Skin grafting, autologous or cultured skin, or mucosal grafting is used with of NGF (122) . As for topical application of NGF on pressure ulcers, it was first reported that NGF might be an effective therapy for patients with pressure ulcers (123) . Pressure ulcers in nursing homes are common problems associated with significant morbidity and mortality. Preventive measures should be implemented early, and a multidisciplinary nursing home team is essential for prevention and special treatment (124) . Topical application of NGF may be an effective therapy for patients with pressure ulcers. A total of 36 patients (n18 received NGF, the other n18 received conventional topical treatment) were thus treated in a study conducted in Rome (125) .
NGF reportedly influences endothelial cell proliferation and angiogenetic activity. Chiaretti et al. reported on the subcutaneous administration of highly-purified murine NGF in a child with severe crush syndrome of the lower limbs (126) . NGF 10 μg was injected subcutaneously every 8 hrs for 7 days into an extensive ischemic skin lesion of the calcaneal area. After local injection, the patient showed gradual improvement of the ischemic skin, no side effects were observed, and the child was discharged in good condition to await a limited calcaneal escharotomy. It is interesting to note that collagen-binding human NGF-β could be used to target nerve cells and improve the regeneration. In the rat sciatic nerve crush injury model, collagen-binding NGF could be retained and concentrated at the nerve-injured site to promote nerve repair and enhance function recovery following nerve damage (127) . This method may be applied to mandibular nerve injury after tooth extraction or wisdom teeth extraction, or following mandibular fractures.
NGF and diabetic neuropathy and diabetic ulcers
It is known that NGF deprivation produces hyperalgesia and NGF expression leads to hypoalgesia. Immunohistochemical reaction of NGF is depleted in keratinocytes in diabetic skin. A decrease in skin NGF influences the presentation of diabetic polyneuropathy (128) . The results of clinical studies of 250 patients with diabetic polyneuropathy suggest that recombinant human NGF is safe, based on use in patients with symptomatic diabetic polyneuropathy (129) (130) . NGF and NGFRs involve a surprising variety of neurons, glia, and nonneural tissues, and NGF signaling subserves neuroprotective and repair functions. NGF signaling may enhance neurological disorders, neuroprotection and neural repair (131). Yiangou et al. reported that immunostaining of both rhNGF and preproNGF was reactive in basal keratinocytes in normal human skin, and rat skin showed an accumulation of nerve fibers distal to sciatic nerve ligation (132) . It is suggested that preproNGF may be preferentially taken up and transported by P75 NTR . Diabetes patients (n=3) with leg or foot ulcers unresponsive to conventional therapies were reportedly treated with topical application of NGF. NGF may thus represent a powerful new regimen for treatment of difficult diabetic ulcers (133) .
Allergy and inflammation
Frossard et al. reviewed NGF and NGFR in bronchial epithelium as asthma and inflammation, and reported that NGF may induce bronchial hyper-responsiveness (134) . An important feature of asthma is increasing sensory innervations. Increased NGF expression and release develop in asthma patients after bronchial provocation with allergen. NGF and NGFR may also induce migration and activation of inflammatory cells which infiltrate bronchial mucosa including epithelia, smooth muscle of bronchus and pulmonary fibrosis. Thus, asthma is a complex feature as the neuro-immune cross-talk involved in chronic inflammatory airway diseases. A similar concept of atopic dermatitis has been noted in the increased plasmas levels of NGF and substance P (SP) in allergic human skin diseases (135) . The investigators suggested that neurogenic factors systemically modulate the allergic response in atrophic dermatitis, probably through interactions with immune inflammatory factors of substances. It is noted that NGF and SP may be useful markers of disease activity in patients with atopic disease. Two basic studies on the relation to neuro-immuno modulation in allergic phenomena have been reported. The first is a regulatory function for NGF, SP and CGRP in sensory nerves innervating inflamed tissue (136) , and the second is that a keratinocyte-derived NGF plays a role in autocrine epidermal cell proliferation. Di Marco et al. reported that effects of NGF as survival and differentiation factors in keratinocytes, were a potent regulator of cell proliferation, at least in human epithelial cells (137) .
Conclusion
Wound healing and NGF-NGFR
A variety of growth factors are well known to enhance wound healing in animals and humans. However, the wound healing processes in humans are still not fully understood. Experience has shown that the healing process in oral mucosal wounds is faster than in skin wounds. A large variety of growth factors and biologically active peptides are synthesized and secreted by salivary and lacrimal glands in animals and humans. The best-known growth factors are EGF and NGF, which are secreted in the mouse submandibular glands, release factors into saliva and are absorbed from gastric and intestinal epithelium into blood serum. Urogastron as human EGF enhances the healing process in gastric ulcers. Recent studies have shifted to try growth factor research in order to better understand remodeling processes. The present review pointed out that NGF and NGFR are responsible to cells of both epithelial and mesenchymal origin, thereby accelerating wound closure or tissue remodeling.
Secreted NGF in salivary and lacrimal glands enhanced wound healing
The remodeling process of epithelial-lined tissues in the human is influenced by secretory materials such as salivary mucin, tear and other materials including growth factors, cytokines and antimicrobial peptides for defense mechanism. Previous studies regarding wound healing have described mainly the tissue proliferating process from a histopathological standpoint with attention to the key roles of NGF and NGFR. NGFR was expressed in the basal cells of the stratified squamous epithelium, and NGFR also expressed in wound edge and continuously expressed newly proliferating keratinocytes in the wound. Thus peripheral innervation in healing wounds was accelerated and wound closure was promoted.
NGF and NGFR in clinical usage
The present report reviewed biological roles of NGF and NGFR in wound tissues from an early stage to the remodeling stage in the skin, oral-paranasal mucosa and cornea. Cell regeneration as a final remodeling has been discussed in relation to the biological mechanism of EGF and EGFR in pressure wounds and diabetic complicated ulcers. The results will be beneficial for topical clinical use of NGF derivatives under wet conditions, such as promoting tissue repair.
During mandibular distraction osteogenesis the inferior alveolar nerve (iaN) is in someone damaged. Immunohistochemical reactions of P75 receptor were found to be significantly elevated at 7 and 14 days in Schwann cells located in the outer of axon in the iaN, but were almost unstained at 28 and 56 days. Co-expression of NGF and P53 receptor was detected at 7 and 14 days. It is concluded that P75 receptor plays an important role on remyelination due to abundant expression in Schwann cells of injured nerves (138) . Nerve damage following tooth extraction, also expresses NGF receptor (P75), and therapeutic approach to iaN injuries may benefit from topical application of NGFR.
